6 7 ABSTRACT 8 The southern Australian continental margin has been undergoing mild active 9 deformation over the past ~10 Myr, manifested today by unusually high levels of 10 seismicity for a relatively stable intraplate region. However, this deformation is 11 markedly partitioned, with zones of abundant neotectonic structures, enhanced relief 12 and high seismicity such as the Flinders Ranges and Southeastern Highlands separated 13 by areas of little neotectonic activity, subdued topography and low levels of seismicity 14 such as the Murray and Eucla basins. We have made a new compilation of heat flow 15 data for the southern margin comprising 192 measurements. This new database shows 16 that variations in heat flow correlate well with the distribution of neotectonic structures 17 and historical record of seismicity, with regions of active deformation corresponding to 18 elevated heat flows of up to ~90 mWm -2 . We propose that the southern Australian 19 margin provides the best evidence to-date that active intraplate deformation may be 20 localized by the thermal properties of the crust and upper mantle. 21
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INTRODUCTION 26
Plate tectonic theory readily accounts for deformation of plate boundaries but does not 27 satisfactorily explain deformation and seismicity of plate interiors. Various studies have 28 identified the thermal state of the crust and mantle as the dominant control on intraplate 29 lithospheric strength (Kusznir and Park, 1982; Sonder and England, 1986) , but there are few 30 examples where localized thermal weakening of the lithosphere is demonstrably responsible 31 for localizing intraplate deformation. Liu and Zoback (1997) proposed that thermal 32 weakening could explain the anomalously elevated seismicity of the intraplate New Madrid 33 Seismic Zone (NMSZ), Missouri, which witnessed three M>7 earthquakes in 1811-1812, on 34 the basis of elevated heat flow within the NMSZ (~60 mW m -2 ) compared to background 35 levels in the central-eastern United States (~45 mW m -2 ). Using 1D numerical models of 36 lithospheric strength, Liu and Zoback (1997) showed that the heat flow observed in the 37 NMSZ is sufficient to weaken the underlying lower crust and upper mantle and focus 38 intraplate stresses in the upper crust, thereby localizing seismicity and deformation. 39 Subsequent investigations of the NMSZ have revealed a much smaller heat flow anomaly (~3 40 mW m -2 ), implying that the lithospheric strength of the NMSZ is essentially the same as that 41 of surrounding regions (McKenna et al., 2007) . NMSZ seismicity has most recently been 42 attributed to migrating seismicity across zones of similarly reduced strength e.g. failed rifts 43 (McKenna et al., 2007) , but the question of the extent to which intraplate deformation and 44 inversion (e.g. Holdsworth et al., 1997) , leading to the viewpoint that pre-existing zones of 3 mechanical weakness (e.g. faults, shear zones, failed rifts and compositional boundaries) 51 exert the first-order control on the localization of intraplate deformation (Sykes, 1978) . 52
However, relatively little attention has been paid to instances where regions containing 53 structures favorably orientated for reactivation exhibit no record of neotectonic activity or 54 historical seismicity. 55 56 Here we examine the controls on localized intraplate deformation along the southern 57
Australian continental margin, which shows strong spatial partitioning of neotectonic and 58 seismic activity. Through comparison with a new compilation of 192 surface heat flow 59 measurements ( Fig. 1 ), we show that strong correlations exist between regions of neotectonic 60 faulting, enhanced seismicity and elevated heat flow at length-scales of 100-1000 km. We 61 believe that while mechanical weakness may control the deformation within a region, thermal 62 weakening of the lithosphere is the primary control on which regions are prone to 63 deformation. 64
65

ACTIVE TECTONICS OF THE SOUTHERN AUSTRALIAN MARGIN 66
Australia is amongst the most active 'stable continental regions' with a seismic moment 67 release rate of order 10 -17 -10 -16 s -1 (Célérier et al., 2005) , several times higher than 68 comparable intraplate regions (e.g. Europe, Africa; Sandiford and Egholm, 2008) . Much of 69 the seismicity occurs along the southern Australian continental margin, which formed 70 following Cretaceous-Paleogene breakup with Antarctica and has markedly heterogeneous 71 basement geology characterized by numerous Archaean-Paleozoic terranes (Teasdale et al., 72 2003) . Present-day seismicity is partitioned into several distinct seismic zones, separated by 73 regions with considerably fewer earthquakes (Leonard, 2008) . Most contemporary seismic 74 activity in south-central Australia occurs in the Flinders seismic zone (FSZ) (Fig. 1 ) which 4 corresponds with the topographically elevated Flinders and Mt Lofty Ranges, and the eastern 76
Eyre Peninsula, where earthquakes as large as M S ~6 have been recorded (Célérier et al., 77 2005) (Fig. 2 ). There is also a ~SW-NE trending region of elevated seismicity termed the 78 southeast seismic zone (SESZ) that extends from the Otway Basin and largely overlaps with 79 the elevated topography of the Southeastern Highlands. Tasmania is also associated with high 80 seismicity. Between the FSZ and the SESZ is an area of markedly reduced earthquake 81 activity corresponding to the Murray Basin. To the west of the FSZ, the number of recorded 82 earthquakes dramatically reduces in the Eucla and Bight Basins, before increasing in the 83 Yilgarn Craton west of ~128°E. 84
85
The distribution of seismicity shows remarkable correspondence with the neotectonic record 86 of the southern Australian margin (Fig. 1) . The Flinders and Mt Lofty Ranges have been 87 undergoing uplift due to ~E-W shortening over the past 10 Myr (Célérier et al., 2005) , and 88 palaeoseismic studies of Quaternary faults that bound the ranges have estimated slip rates of 89 20-100 m Myr -1 and maximum magnitude earthquake events of M W ~7.3 (Quigley et al., 90 2006) . In SE Australia, Miocene and older sediments have been deformed by folding and 91 reverse faulting induced by approximately NW-SE crustal shortening from the late Miocene 92 onwards (Sandiford, 2003) . This deformation is partly responsible for the Otway and 93
Strzelecki Ranges and the Simpson and Fergusons Hill anticlines (Sandiford, 2003) . STRM 94 images of the Southeastern Highlands reveal numerous NNE and ENE-trending faults, along 95 which reverse movements of up to several hundred metres have contributed to Pliocene-96 onwards uplift (Holdgate et al., 2008) . 97
98
In contrast, there are relatively few compressional structures in the topographically-subdued 99 and seismically-quiet Murray Basin (Sandiford, 2003) . Identifiable structures include the 5 Cadell Fault, displacement along which diverted the Murray River ~50 Ka, but the density of 101 active faulting is considerably lower than in the adjoining, topographically elevated regions 102 (Sandiford, 2003) . Likewise, there are significantly fewer compressional structures identified 103 in the onshore Eucla and offshore Bight basins where seismicity levels are amongst the 104 lowest of any part of the continent (Hillis et al., 2008) . The Eucla Basin contains the vast 105
Nullabor Plain, a marine limestone terrace >1000 km long that was exposed ~15 Myr ago by 106 long-wavelength uplift of the southern Australian margin (Sandiford, 2007) . STRM images 107 across the Nullabor Plain reveal a number of linear north-south trending faults, but maximum 108 displacements on these structures are generally ~10 m, considerably lower than inferred for 109 faults bounding the Flinders and Mt Lofty Ranges (Hillis et al., 2008) . 110
111
The orientations of neotectonic structures along the southern margin are generally consistent 112
with an E-W to SE-NW orientated S Hmax controlled by plate boundary forces (Hillis et al., 113 2008) . Basement structure maps of the southern margin (e.g. Teasdale et al., 2003) reveal 114 highly anisotropic basement dissected by faults and shear zones, and show numerous NE-SW 115 and N-S trending structures in the Murray, Bight and Eucla basins that should be suitably 116 oriented for failure in the in situ stress field. The absence of neotectonic structures and low 117 levels of seismicity in these regions imply an additional, regional control on localization of 118 deformation. Dyksterhuis and Muller (2008) proposed that rheological contrasts between 119 geological provinces and evolving plate boundary forces could explain strain localization, 120 whilst Célérier et al. (2005) noted a correlation between the spatial extents of the FSZ and the 121 South Australian Heat Flow Anomaly (SAHFA), a zone of elevated heat surface flow 122 (average 92 ± 10 mW m -2 ) (Neumann et al., 2000) , and thus attributed active intraplate 123 deformation to thermal weakening. 124 6 COMPARING PRESENT-DAY HEAT FLOW AND DISTRIBUTION OF 126
INTRAPLATE DEFORMATION 127
We have compiled a new map of the surface heat flow (Q (mW m -2 )) of the southern 128 Australian margin, based on 192 measurements comprising published data (e.g. 129 Goutorbe et al., 2008;  Fig. 1 ) and recently reported estimates from geothermal exploration 130 (Table DR1 ). Data density is greatest in regions of active petroleum/mineral/geothermal 131 exploration (e.g. Flinders Ranges and Otway Basin). Measurements are sparser in the Eucla 132 and Bight basins, but the quality of these estimates is generally good . Small-133 scale heat flow anomalies can result from groundwater flow (McKenna et al., 2007) , and this 134 is thought to contribute to elevated geothermal gradients observed in parts of central 135
Australia, but the majority of measurements from the southern margin are thought to reflect 136 crustal properties (Neumann et al., 2000) . 137
138 Our map provides better definition of individual heat flow provinces than previous Australian 139 heat flow maps (e.g. Fig. 2) . Heat flow increases from west to east along the 140 margin, from values of ~35-40 mW m -2 at longitudes <125°E to mostly >80 mW m -2 between 141 135 and 150°E, but some notable short-wavelength variations are superimposed on this 142 regional pattern. Heat flow locally exceeds >100 mW m -2 in the Flinders Ranges, Tasmania where seismicity is anomalously low and high respectively, compared to the overall regional 182 pattern, there is a correlation coefficient of 0.64 between Q and E S . This is a surprisingly 183 good result considering the ~100 year record of historical seismicity is several orders of 184 magnitude shorter than recurrence intervals calculated for large (e.g. M>6) earthquakes in this 185 region (Quigley et al., 2006) , along with the many other geologic factors that may influence 186 seismicity. which implies that the lithosphere at 100 km beneath the deforming regions may be >100°C 201 hotter (Goes et al., 2000) . Sandiford and Egholm (2008) show that Moho temperature 202 variations as small as 10-30°C may explain the elevated levels of seismicity observed along 203 southwestern parts of margin, due to steady-state heat flow across the oceanic-continental 204 lithospheric step. The observation that the seismicity of the Southeastern Highlands broadly 205 parallels the architecture of the continental margin and crosscuts underlying structural trends 206 (Teasdale et al., 2003) suggests that lateral heat flow may also play a role in localizing that 207 deformation. 208
209
We do not wish to imply that thermal weakening can fully explain localization of the 210 intraplate seismicity and neotectonic deformation along the southern Australian margin. As in 211 many intraplate settings factors such as pre-existing structural weaknesses and zones of 212 overpressured crust probably play an important role in the distribution of deformation 213 (Holdsworth et al., 1997) . However, we believe that the potential for localization of 214 deformation by the thermal architecture of the crust and lithosphere is often overlooked, 215 especially at the terrane scale, because reactivation of pre-existing zones of structural 216 weakness is usually invoked. There is growing support for the thermal properties of the crust 217 exerting a first-order control on focussing intraplate deformation from studies around the Herzen and Langseth (1965) 
